Introduction: Tendons are metabolically active structures, and their biochemical, biomechanical and structural properties adapt to chronic exercise. However, abnormal adaptations may lead to the development of tendinopathy and pain. Acute and subacute adaptations might contribute to tendon pathology.
Introduction
During exercise and coordinated musculoskeletal movement, tendons are pivotal in transmitting force from muscle to bone allowing movement. Historically, the term overuse injury led to research focusing on mediumto long-term effects of exercise on tendons. 1 -3 Tendons are metabolically active and undergo complex remodelling, which can improve tensile strength and increased collagen turnover with long-term exercise. 3 -6 Although acute structural changes following bouts of exercise can stimulate positive adaptations, in some situations these changes may play a role in the development of tendon injuries, 7 illustrating the incomplete understanding of this field. Athletes training on a daily basis will undertake sessions of varying intensities and duration amid competition, yet there is little evidence correlating exercise, structural changes and injury progress.
Improved understanding of biochemical markers, sensitive imaging and mechanical property indicators provide a basis for accurate accounts of tendon response to acute loading. Recently, with the introduction of ultrasound (US) colour and power Doppler, it has become possible to assess tendon blood flow changes during and following acute exercise. 8 -10 This review systematically evaluates the immediate and subacute effects of exercise on tendon structure, providing important information on structural and functional changes that occur with exercise and the correlation with long-term/overuse injuries.
Methods

Literature search
A comprehensive literature search was performed in October 2011, using Pubmed, Web of Science, SPORTDiscus, CINAHL and Google Scholar. A combination of keywords were used to retrieve relevant literature; 'tendon', 'acute', 'exercise', 'activity', 'tendon stiffness', 'Young's modulus', 'Ultrasound', 'MRI', 'Doppler flow', 'Power Doppler', 'neovascularization', 'colour/color Doppler', with no limit regarding the year of publication. extent in vitro data applies to clinical practice, even so the systematic approach allowed inclusion of relevant studies to support mechanistic information and overall understanding of tendon ailments (Fig. 1) . 4,11 -14 
Tendon tissue
Tendons are composed predominantly of type I and to a lesser extent type III collagen, with the remainder composed of a complex extracellular matrix, enclosed in the endotendon alongside blood vessels, lymphatics and nerves (Fig. 2) . 15 Tendons are able to withstand considerable forces during physical activity, adapting to changes in mechanical load over time. 4 Positive tendon plasticity from long-term loading is well documented. 4, 16 For example, in the hand the tendons of the extensor and flexor muscles are long. The flexor muscles are stronger than the extensors, as the hand requires greater strength for activities such as grasping and catching. 17 The tendons of the hand flexors have a greater diameter and thickness compared with the extensor tendons, with increased tensile strength and anchoring properties over the extensor tendons. 18, 19 However, recurring physical activity can lead to overuse injuries. Tendinopathies are a major cause of morbidity in athletes, 20 clinically characterized by activity-induced pain, local tenderness, swelling 21 with subsequent diminished performance. The mechanisms of tendon injury remain poorly understood, but the characteristics of injured tendons are well documented histologically, biochemically and at imaging. These three investigation techniques reveal distorted tendon appearance, hypercellularity, disorganized collagen bundles, increased proteoglycan content and neovascularization in chronic tendinopathic tendons. 22, 23 Until the relationship between sub-acute, acute and short-term adaptations are scientifically understood and linked with chronic, pathological adaptations, then the explanation of injury mechanism will remain incomplete and management inadequate.
Results
Biochemical response to exercise
Collagen turnover
Tendon biochemistry is typically described in terms of collagen and proteoglycan concentrations. 3 Long-term exercise and physical training cause connective tissue remodelling and increased tendon collagen in both animal and human models. 8, 24 However, the effect of a single exercise bout on collagen turnover remains underreported. Some studies suggest that a single, short bout of exercise does not alter collagen synthesis 25, 26 and that more prolonged episodes are required for turnover to be affected. 27 When serum markers of collagen degradation [carboxy-terminal telopeptide (ICTP) and carboxy-terminal propeptide (PICP)] are measured to assess tendon biochemistry, collagen degradation increases immediately post-exercise followed by a significant rise in collagen turnover for up to 72 h after exercise, 27 -29 and up to 9 days in another study 30 ( Table 1) . Similarly, urinary markers of collagen turnover were increased for up to 9 days after maximum eccentric contractions of the knee extensors. 31 These studies are limited by their use of serum PICP and ICTP, as collagen type I is present mainly in bone, and plasma concentrations may signal turnover in bone as opposed to tendon tissue. 32 Recently, the development of microassays allow accurate, in vivo collagen turnover rates to be assessed, 5, 33 as peritendinous microdialysis probes can monitor in situ PICP and ITCP. Similarly, this technique showed an initial decrease in Achilles collagen turnover, followed by a rise 68 h after treadmill running 34 and up to 72 h after a marathon 5 in healthy young males. Likewise, collagen synthesis increased in young women following exercise, 35 albeit to a lesser extent than in males. Although these studies provide important information on tendon biochemistry, their limitations should be noted. PICP levels are elevated for at least 3 days following acute exercise, 33 and trauma from a microdialysis fibre insertion itself can cause an increase in PICP levels. 36 Therefore, previous bouts of exercise and/or chronic adaptations may influence subsequent values. A combined in vivo/in vitro study showed a 1.7-fold increase in tendon collagen synthesis at 6 and 24 h, falling thereafter but remaining elevated at 72 h, 37 a longer time than previously reported. 5, 38 Exercise increases both collagen degradation and synthesis at defined time intervals after exercise. 37, 39 Collagen degradation peaks earlier (,36 h) than collagen synthesis (up to 72 h), a crucial finding given repeated, high-intensity training undertaken by elite athletes. It is possible that, following stress, tendons may require specific recovery programmes for optimal net anabolic collagen turnover. Insufficient or ineffective recovery prior to super-compensation may result in net matrix degeneration, and predispose the tendon to injuries. 37, 39, 40 Additional biochemical response
Tendons were traditionally considered hypovascular, with insufficient blood supply being central in the injury progression model. 41 This traditional concept has been challenged on several occasions 15, 42 and current evidence suggests that tendon vascularization is adequate for their metabolic requirements. 43 Innovative techniques allow in vivo assessment of peritendinous blood flow during and after exercise. 44 -46 Blood flow increases 3-to 7-fold during exercise, 46 ,47 controlled predominantly via shifts in peritendinous pressure 48 and release of prostaglandins, bradykinin and adenosine. 49 Although resting blood flow is lower in the elderly, exercise induced a significant rise in tendon blood flow across all ages following activity. 50 Glucose uptake in the tendon, 51, 52 metalloproteases (MMPs) and tissue inhibitors of metalloproteases (TIMPs) 53 increase following exercise further illustrating the metabolic activity of tendons. Indeed, different tendons appear to respond differently to the same exercise bout. For example, one study showed greater glucose uptake in the quadriceps tendon compared with the patellar tendon following a standardized exercise bout. 54 Exercise also influences peritendinous lactate, prostaglandin-E2, thromboxane-B2 and IL-6 turnover. 39, 55, 56 Of particular interest is the level of peritendinous IL-6, which follows a similar trend to collagen turnover following exercise. Cytokines and prostaglandins are believed to play a crucial role in tendon collagen synthesis and degradation during and shortly after mechanical loading. 40 These findings demonstrate the capacity of tendons to acutely respond to loading at the protein and cellular levels. To identify whether short-term, metabolic responses affect tendon pathology, further research should focus on metabolic activity at regular, standardized post-exercise time intervals. Insufficient recovery may be pivotal in altering the 'collagen synthesis-breakdown cycle' leading to net catabolism and tendinopathy development.
Biomechanical response to exercise
Historically, the studies on the effects of exercise on tensile properties were based on in vitro animal investigations. 57, 58 Recent advances in US practice allow for non-invasive, in vivo assessment of fascicle movement and cross-sectional area of human tendons. 4 US is currently the best method to assess tendon mechanics, providing real-time data, larger fidelity in viewing tendons at a relatively lower cost, as indicated in 20 of the 23 biomechanical studies identified (Table 2) . Mechanical properties of tendons adapt to long-term exercise; 1 for example, the tendon of vastus lateralis was more compliant in male sprinters compared with control subjects. 59 In addition, tendon properties may vary according to the dominance of a particular limb: for example, patellar tendon stiffness was greater in the lead leg of badminton and fencing athletes. 60 Serial US assessments may be used to monitor the effectiveness of training programmes designed to improve mechanical properties of tendons, such as stiffness (elasticity) and strength.
All these studies were planned to assess tendon behaviour under different situations and conditions. Achilles tendon stiffness varies during graded, voluntary plantarflexion, 61, 62 with greater stiffness reported at higher loads. 63 Although studies have shown a linear force -length relationship of the Achilles, 64 -66 the association is in fact a positive curvilinear one, given the 'toe' region phenomenon when tendon's properties differ at low force levels. 67 When the mechanical properties of the distal portion of the tendon of tibialis anterior were assessed, stress increased with increasing isometric force 65, 68 although it remains unclear whether values obtained during isometric plantarflexion can be applied to functional activities (i.e. running).
Tendon loading results in the storage of passive elastic energy, which is returned during recoil. Recoil of the distal portion of the quadriceps tendon increases with increasing intensities of drop jump exercises, 69 and stored elastic energy increases during varying phases of jumping in the Achilles, 70 gastrocnemius medialis 71 and patellar tendons. 72 Other studies with methodological differences found that exercise intensity and duration affect mechanical behaviour. Patellar tendon stiffness was 77% greater following three short (3 -4 s) compared with three long (10-12 s) maximal ramped isometric contractions, 73 and compliance of the knee extensor tendons increased more after 50 repetitions of isometric leg presses compared with 100 consecutive drop jumps. 74 Also, short duration (60 s), of static plantarflexion, reduced the stiffness of the Achilles tendon for up to 30 min, 75 and 10 min of passive ankle dorsiflexion decreased the stiffness and hysteresis of the Achilles tendon. 76 Other studies included in this review do not support the view that acute biomechanical adaptations result from exercise. The stiffness and fatigue properties of the Achilles tendon were not affected by high-intensity hopping exercises, 77 and submaximal fatiguing protocols did not acutely alter the mechanical properties of the tendon of gastrocnemius medialis 78, 79 or of the vastus lateralis. 80 Load -displacement and stress -strain characteristics of the Achilles tendon did not differ between runners and non-runners during graded plantarflexion efforts. 62 The significance of these findings lies with the concept that compliant tendons are advantageous in some activities, whereas stiff tendons are beneficial in others. 67 Stretching a compliant tendon results in elastic storage which is passively returned during recoil increasing the contribution of elastic strain to movement allowing for greater performance. 81 For example, compliant knee extensor tendons in sprinters help develop higher force during the stance phase in which the foot contacts the ground, 59 and a compliant Achilles tendon will provide substantially more passive elastic energy compared with non-compliant tendons. When joint position and control are advantageous, stiffer tendons provide greater control than compliant tendons when crossing the joint. 67 Stretching, performed prior to exercise, is shown to reduce stiffness 76, 82 and increase range of motion, 83 thus reducing the risk of injury. However, current evidence suggests that stretching has no true effect on athletic performance or injury risk. 84 While this review found that the mechanical properties of tendons are affected by activity duration and intensity. 68, 74, 85 the functional implications of acute tensile loading remains unclear. Variations in methodology, tendons assessed, subject numbers and exercise protocols provide the main obstacle to comparing results between studies. Further research is needed to understand the different loads at which mechanical properties are affected. If mechanical properties vary with exercise, training programmes could be tailored to work tendons at specific, optimal loads.
Radiological response to exercise
Musculoskeletal imaging is widely accessible for the assessment of tendon injuries in athletes and allows recognition of true pathology. Magnetic resonance imaging (MRI) and US are the most commonly used imaging modalities (Table 3) , and the interpreter requires a wealth of literature evidence along with clinical expertise to accurately report images.
Magnetic resonance imaging
MRI is used to assess and grade tendon injuries. 86 Long-term exercise leads to a number of positive MRI findings without associated clinical findings. 87, 88 However, imaging is often performed to assess acute injuries, clinicians must be aware of both habitual and abnormal changes following exercise (Fig. 2) .
One study showed that the Achilles tendon structure was acutely altered by activity in symptomatic and asymptomatic individuals following standardized eccentric exercises. 88 Tendon volume and intratendinous signal increased, indicating a significant change in water content and blood flow. 88 In another study, runners with intratendinous lesions at baseline developed increased volume after a marathon or half-marathon. 89 Conversely, other studies fail to elicit a statistically significant response, with no change in the structure of foot tendons between runners and controls after the runners completed a marathon. 87 Another study showed that the diameter of the Achilles tendon was not affected by a marathon, and no new lesions were seen after activity. 89 Also, the structure of the rotator cuff tendons was not altered by exercise immediately or at 8 and 24 h after the end of the exercise bout. 90 Disparities in study design and populations limit comparability of results between studies. One study examined tendinopathic Achilles', one included normal and tendinopathic tendons, another assessed asymptomatic rotator cuff tendons (non-specific) and another assessed foot structures, without focusing on a specific tendon.
The normal MRI anatomy of tendons is variable, 91 providing inherent limitations when comparing studies. The search undertaken for the present review retrieved four studies (Table 3) , and remains unclear whether exercise induces acute changes in the MRI appearance. Therefore, imaging performed shortly after exercise may be misinterpreted and misdiagnosed. Advances in the quality of diagnostic US reduces the need for the more expensive and resource intensive MRI technique. Future research should assess tendon volume and signal changes following exercise, clarifying the difference between pathological findings and expected changes after exercise.
Ultrasound
US is increasingly used to assess and diagnose tendon pathology in sporting injuries. 16, 92, 93 Clinicians using US should be aware of typical and abnormal changes that occur in response to acute exercise.
Acute thickness change
Thickened tendons are associated with tendinopathy and morbidity, 16 ,94 yet tendons can become thicker as a habitual response to longstanding exercise. Tendon diameter was not significantly affected by acute, shortduration mechanical loading 93 or by longer, high-intensity activity. 97 A small sample in the former and the different tendons between studies (Achilles 93 vs. long head of biceps 97 ) limits the validity of the combined results. Interestingly, the biceps tendon study found a positive correlation between 'play time' and increased tendon diameter, suggesting that the duration of exercise may play an important role.
Other studies, however, showed a decrease in tendon diameter following exercise. One hour of high-intensity exercie 98 and another programme involving isolated concentric/eccentric exercises 99 significantly reduced AP tendon diameter (Fig. 3) . From the included studies, there is greater evidence that tendon diameter decreases immediately after exercise, although the significance of this on tendon pathology is unknown.
Grey-scale ultrasonographic changes/echogenicity Normal tendons are described as having homogeneous appearance on US (Fig. 4a) . Structures containing more fluid, fat or other less echo-reflective tissue have a hypoechoic appearance (Fig. 4b) , similar to changes associated with tendinopathy. 97 Echogenic tendon changes are common in athletes, 94, 100 but the correlation between echogenic changes and symptoms, including pain, is poorly understood. Hypoechoic areas are essentially constant findings in tendinopathy, yet hypoechoic areas are seen in the tendons of asymptomatic individuals. 100, 101 Terslev et al. 102 assessed the patellar tendons of 18 basketball players to determine whether echogenicity was affected by a match. Although new changes in echo pattern were reported after the match, only 7 of the initial 18 players were re-examined after the match, failing to provide power to infer that the match was directly responsible for the echoic changes. Another study showed that the tendon of the long head of the biceps was significantly more hypoechoic following exercise, 97 and concluded that this probably represented acute tendon oedema, similar to that seen in the early stages of tendon pathology. 103 Evidence of acute echoic changes following exercise remains scarce, and our understanding of how this correlates with tendon pathology remains hypothetical.
Acute Doppler flow response to exercise
Athletes may exhibit a florid Doppler flow in tendons (Fig. 3c) . 4, 9, 23, 104, 105 There is a correlation between tendon Doppler flow and pain 9,105 -107 as well as Doppler flow and echogenic changes, 9 although no conclusions can be made that changes are a direct result of acute exercise. Blood flow itself is not the unique cause of pain 108, 109 but exercise-induced neovascularization 23, 110 probably plays a pivotal role in the development of tendinopathies and their associated symptoms. Cook et al. 10 assessed Doppler flow in the patellar tendons of 17 volleyball players with established neovascularization before and after a match and found a significant increase immediately after the match. The authors suggest a standardized exercise protocol before US examination, increasing tendon vascularity and optimizing Doppler detection. 105 Koening et al. 111 measured Doppler flow in the patellar tendons of 46 elite badminton players before and after a match. Of these 92 tendons, 92% had Doppler flow before and after the match, but the match did not result in significantly increased intratendinous flow. These unexpected findings were attributed to the large training loads of elite athletes, in whom tendons are more or less always in a metabolically active state. 111 However, in a further study by the same authors, Doppler flow in the Achilles tendon increased significantly after the match in the same group of badminton players, 106 challenging the theory that tendons' activity remains fixed during rigorous training in athletes. It is possible that different tendons respond in a different fashion based on the functional demands of that activity (swinging, jumping, running, etc.).
Increased Doppler flow following exercise is also reported in the Achilles tendon 8, 106, 112 and Doppler flow was increased in both symptomatic and asymptomatic individuals following different exercise protocols. 106 The same authors used a five-point grading system to report an increase in Achilles Doppler flow in 46 elite badminton players following a match. Colour Doppler flow was present in 83% of tendons at baseline (Grades 1 -4), covering mid-tendon, pre-insertional and calcaneal regions of the Achilles tendon. Following the match, all players had colour Doppler flow in one or both Achilles tendons. The extent of Doppler flow in the pre-insertional area was significantly increased after the match in the dominant and non-dominant foot. 106 Fahlstrom et al. assessed 36 tendons before and after a 'floor-ball' match using US and colour Doppler. Neovascularization was present in 7 of 36 tendons before and after the match, 6 of these 7 tendons showed significantly greater flow. 98 Similar to the patellar tendon, 10 loading the Achilles tendon induces increased intratendinous Doppler flow, and may be a normal physiological response. 106 Given these findings, it is proposed that US assessment of tendons is carried out after exercise where visualization of vascularity is optimized. 10, 105 Further studies are needed to investigate the sonographic response of normal tendons to exercise, including a wider range of tendons. Furthermore, painful tendons which initially do not show Doppler activity may require a loading programme to optimize vascularity assessment. 8, 10 Standardized exercise protocols to be carried out prior to tendon imaging are needed.
Conclusions
Our understanding of the acute response of tendons to exercise remains in the preliminary phase with evidence lacking in certain areas. Current knowledge relies on studies that were limited to measuring one or two variables, and also relies heavily on data from a limited selection of tendons, mainly the Achilles and patellar tendons. There is little research integrating biochemical, biomechanical and imaging findings of exercise on tendons, likely due to the practicalities of such research which would be difficult to overcome. However, such integration is imperative to understand the acute effects of exercise on tendons and its contribution to pathology. Combining techniques such as microdialysis, tissue biopsy sampling, US and MRI in future research may be key to understanding the underlying mechanisms that ultimately result in tendon injury. Enhanced knowledge and understanding of injury mechanism is imperative for the development of effective treatment and prevention strategies.
